Many cities around the world are looking for compact wastewater treatment alternatives since space for treatment plants is becoming scarce. In this paper development of a new compact, high-rate treatment concept with results from experiments in lab-scale and pilot-scale are presented. The idea behind the treatment concept is that coagulation/floc separation may be used to separate suspended and colloidal matter (resulting in . 70% organic matter removal in normal wastewater) while a high-rate biofilm process (based on Moving Bede biofilm reactors) may be used for removing low molecular weight, easily biodegradable, soluble organic matter. By using flotation for floc/biomass separation, the total residence time for a plant according to this concept will normally be , 1 hour. A cationic polymer combined with iron is used as coagulant at low dosages (i.e. 1-2 mg polymer/l, 5 -10 mg Fe/l) resulting in low sludge production (compared to conventional chemical treatment) and sufficient P-removal.
Introduction
A considerable number of cities that have to improve their treatment are in lack of space for plant expansion. Many of these cities have to comply with an effluent standard that requires organic matter removal (secondary treatment) possibly also P-removal. Traditional activated sludge treatment requires too much space and one will be looking for alternative treatment concepts with a minimal foot-print (minimum land use), that reaches secondary treatment effluent standards and gives a minimal sludge production. In many cases P-removal will be required as well.
It has been demonstrated by several that a very considerable fraction of the organic matter (65-85%) and a substantial fraction (35-55%) (Levine et. al., 1985 , Ødegaard, 1999 , van Nieuwenhuisen et. al., 2004 of the phosphorus in wastewater appears as colloidal and suspended matter. Direct separation of suspended and colloidal particles will therefore give an organic matter removal that is close to meeting the secondary treatment standard for organic matter (Ødegaard, 1992) . The direct separation process mostly used today is coagulation/ flocculation followed by floc separation. There are two draw backs with traditional coagulation of wastewater, however; a) true soluble organic matter is not removed and b) because of metal (Al or Fe) hydroxide precipitation, the sludge production is high (Ødegaard, 1998) .
The idea behind the treatment concept presented in this paper is that coagulation/floc separation may be used to separate suspended and colloidal matter (resulting in . 70% organic matter removal in normal wastewater) while a high-rate biofilm process (based on Moving Bede biofilm reactors) may be used for removing low molecular weight, easily biodegradable, soluble organic matter. When combined with a compact separation process (i.e. flotation) a very compact overall process will be the result.
The flow sheet of the method that we proposed and have researched is shown in Figure 1 . It consists of pre-treatment by a fine sieve (or existing primary settling) followed by highly loaded Moving Bede biofilm reactor (MBBR) after which polymer-and iron coagulants are added at low dosages and the biomass/floc aggregate is separated from the water by flocculation/flotation. Earlier research indicated that it would be possible to design the process so that the coagulants would take care of the colloidal and suspended matter while the biofilm would deal with the truly soluble organic matter only (Ødegaard et al., 1999; Ødegaard, 2000) . This requires an organic loading on the bioreactor that is low enough for truly soluble organic matter to be biodegraded and high enough to prevent significant hydrolysis and degradation of suspended and colloidal organic matter. By designing the bioreactor for soluble, biodegradable organic matter only, the necessary residence time in the bioreactor could as low as 15-30 min and combined with a compact flocculation and particle separation a hydraulic retention time (HRT) in the total process of 1 hour can be achieved with a normal wastewater composition.
A cationic polymer is combined with iron for coagulation in order to operate with a very low dosage of iron and thereby minimize hydroxide precipitation and consequently sludge production. Flotation is chosen because a highly loaded bioreactor may result in poorly settleable but easily flotable sludge and also because it is a low footprint separation technique.
Methods
The process has been researched in laboratory scale (0.1 m 3 /h) as well as in pilot scale (5 -20 m 3 /h). The laboratory scale experiments were designed to determine which type of polymer that would be favourable, required coagulant dosages and what kind of organic loading rates on the bioreactor that were favourable. These lab-scale experiments were carried out with flow-through bioreactors and batch flotation reactors. Various types of polymer [polyacrylamide (PAM), poly-diallyl-N,N-dimethylammonium chlorides (polyDADMAC) and dicyandiamide formaldehyde (DCD)] and various addition points of the coagulants were tested. A more detailed description has been reported by Melin et al. (2002) .
The large pilot-plant experiments were carried out at Trondheim wastewater treatment plant (LARA) in a pilot plant consisting of a 0.8 mm sieve (Salsnes Filter) for pre-treatment, two Moving Bede biofilm reactors (each divided in two chambers) with total volume of 5 m 3 , a flocculation tank (traditional paddle flocculation as well as high rate pipe flocculation was investigated) and a flotation tank with a separation area of 1 m 2 . The pilot plant was run at a bioreactor residence time varying in the range of 15 -60 min Figure 1 The high-rate process investigated while the flotation unit was run at a constant flow equal to a surface load of 4 m/h and dispersed water return flow that ensured an air/solids . 0.1.
Results and discussion
Laboratory scale experiments Degradation of particulate and soluble COD was evaluated using filters (0.1 -160 mm) to measure COD fractions in samples from MBBRs operated at 15 minutes hydraulic retention time (HRT) with different soluble COD loading rates. One bioreactor (MBBR1) was fed municipal wastewater. In another (MBBR3), the soluble COD concentration in the wastewater feed was increased by dosage of Sodium Acetate (NaAc). The results are from composite samples taken over a period of at least 24 hours in order to minimise the effect of varying biomass sloughing/erosion.
A higher degradation in the MBBR3 (with NaAc) compared to the other MBBR was expected Figure 2 (a). Most of the COD degradation in MBBR1 (municipal wastewater) was degradation of particulate COD (PCOD). In MBBR3 (with NaAc), most of the COD degradation was due to soluble COD but about 30% of the COD degradation was still due to degradation of PCOD. However, this relatively high fraction was probably caused by low total COD degradation in the MBBR (this will be discussed further below), and not that the PCOD degradation was especially high. The results indicated that less than 10% of the PCOD in the MBBR with dosage of Sodium Acetate was degraded.
The estimated yield (g COD biomass /g COD degraded ) found for the MBBR with addition of Sodium Acetate was lower than expected. This can be due to an incomplete mass balance with some COD produced in larger size fractions than 160 mm as found in particle size distribution (PSD) measurements. The PSD results in Figure 2 (b) show that the total particle concentration increased in both bioreactors compared to the raw wastewater. In MBBR1 (wastewater) there was a reduction in particle concentration for particle sizes up to about 40 mm compared to the raw wastewater. In MBBR3 (with NaAc) the results also show a reduced concentration of particles , , 20 mm, but the reduction was smaller than in MBBR1 and showed a net production of particles larger than , 20 mm.
The results demonstrated a net particle removal in some size fractions and confirmed the hypothesis that a high soluble COD loading rate would give a low degradation of particulate COD. Figure 3 (a) shows that the removal rate increased with increasing loading rate for each HRT. The process was therefore not limited by biomass concentration. The results also show that the removal efficiency for a given loading rate decreased with decreasing HRT. The HRT distribution in these MBBRs can be approximated by the HRT distribution in an ideal complete-mix-reactor (CMR). The effect of the HRT distribution was tested using results from MBBRs operated at 15 minutes HRT by calculating the obtainable removal rate incorporating the effect of complete-mix-hydraulics to give the residence time distribution, inert COD and degradation rate based on Monod kinetics found previously (unpublished data). Figure 3 (b) shows the measured removal rate versus the measured loading rate (open symbols) and calculated obtainable removal rate (filled symbols). The filled data symbols do not fit the 100% line perfectly. However, the calculation indicated that the HRT distribution and inert COD were the most important causes of the low observed removal rates. When approaching effluent soluble COD-concentrations needed in order to meet secondary treatment standards, the biodegradation rate is of an order higher than zero (1/2-1 order) Figure 4 (a). Hence the residence time distribution will influence on the result and a more plug-flow like flow pattern is favourable.
For verification, the effect of the hydraulic retention time was studied further in the pilot scale experiments presented in the next section. During these, the relationship between the filtered COD concentration and the degradation rate in the MBBR with the wastewater in the pilot plant was determined by several laboratory batch experiments with different initial concentration. An average maximum removal rate of ,30 g FCOD/m 2p d was reached at a BFCOD concentration of , 180 mg BFCOD/l Figure5(b) confirming previous results (Ødegaard et al. 2000) .
The effect of the dosage point for coagulants on MBBR performance was evaluated using results for soluble COD removal rate (0.1 mm filter) with dosage before the MBBR and results from other experimental periods without dosage of chemicals or with dosage after the MBBR. It had been demonstrated that very little F0.1COD was removed in the flotation. In some cases the removal rate of F0.1COD appeared to be higher with coagulant dosage before the MBBR Figure 4 (b). However, this mainly reflects variation in the influent wastewater quality during several experimental periods. When comparing data from the same day, no clear difference between the two dosage strategies could be observed. The experiments were performed over a period of 2.5 months, and whether iron, polymer or both were dosed before the MBBR was varied. The results are therefore not conclusive with respect possible long term effects of a given chemical dosage before the MBBR. Coagulant selection, dosage and the effect of wastewater properties on the coagulation floc separation was also studied in laboratory scale. The conclusions from these experiments were: 1) Good SS removal can be obtained by flotation using low dosages of iron combined with polymer (11 mg Fe/l and 3 mg Pol/l); 2) The dosages of iron and polymer together with raw water properties like soluble COD were more important than molecular weight or charge density of the polymers; 3) There were no significant differences between polyDADMACs and the best PAMs. The results indicated that with a metal coagulant, the best PAM is a medium weight, high charge density polymer. Without metal, high molecular weight PAMs gave the best result (Melin et al., 2002) .
Pilot scale experiments
In the pilot scale experiments the main priority was to demonstrate process performance over a relatively long time period. Other priorities for the pilot scale experiments were to verify the laboratory scale results with flotation and the effect of HRT distribution.
The pilot results for FCOD removal rate from experiments with 15-60 min HRT were used to calculate the obtainable removal rate with 40 mg/l inert FCOD, a HRT distribution with 4 CMR in series and the degradation rate kinetics determined in the batch experiments. The calculation could explain the experimental data quite well Figure 5 (a) , Figure 3 The removal rate of F1.0COD (, 1 mm filter) versus the biodegradable filtered COD loading rate (BF1.0COD ¼ F1.0COD -inert F1.0COD) in experiments to evaluate the effect of the HRT in the MBBR (a). The removal rate of F0.1COD (0.1 mm filter) versus loading rate (open symbols) and obtainable removal rate (filled symbols) (b) but there was still a deviation from the 100% line. Considering that the HRT distribution in ideal complete-mix-reactors was used, further improvement should probably include a measured HRT distribution. However, the results demonstrate that the removal rate in the MBBR was influenced by the hydraulics that effectively limited the obtainable removal rate.
The MBBR effluent concentration of FCOD showed a clear correlation to the calculated obtainable removal rate Figure 5(b) . In the experiments where iron was dosed in front of the MBBR (filled symbols), the results indicated that lower FCOD concentrations could be achieved in the MBBR effluent with this dosage strategy. However, typically 20 mg FCOD/l was also removed in the coagulation floc separation with dosage after the MBBR. No difference was observed in the filtered BOD concentration in the MBBR effluent depending on the dosage strategy, indicating that the COD fraction removed was not biodegradable. During the demonstration period the MBBR was operated with a hydraulic retention time of 60 minutes and the dosage of chemicals was controlled according to the on-line measurement of suspended solids in the wastewater giving dosages of 4-13 mg Fe/l and 0.6-2 mg Pol/l. The different polymer types did not show significant differences in performance verifying the laboratory scale results, and the results with respect to performance of the total process have therefore not been sorted according to polymer type. The influent wastewater (Table 1) was quite concentrated with large and rapid short time variations and had a significant contribution form industry effluents that made this a challenging wastewater to treat.
The results with respect to removal efficiency of COD and BOD for the total process showed a decreasing trend with increasing loading rate Figure 6 (a) and (b). However, removal efficiencies higher than secondary effluent standards were achieved for FCOD and FBOD loading rates on the MBBR up to 20-25 g FCOD/m 2p d and 15 -20 g FBOD/ m 2p d, respectively. The BOD results showed one exception for a sample collected during a snow melt period with diluted influent wastewater. In this case, the effluent BOD concentration was 40 mg BOD/l. The average concentrations of COD and BOD in the flotation effluent were 60 mg COD/l and 42 mg BOD/l. Dosage of iron before the MBBR did not improve the removal efficiencies for COD or BOD, confirming the laboratory scale results. Although the design of the compact (HRT , 7 minutes) flocculation unit could probably be improved, the results demonstrated that the flocculation step of the process can be made very compact. The COD/BOD ratios (average 1.56 g COD/g BOD) in the effluent were low compared values normally found. This is due to a lower than normal COD/BOD ratio in the influent wastewater (1.49 g COD/g BOD) and that some COD but not BOD is removed in the coagulation floc separation part of the process as discussed above. The removal efficiency for suspended solids (average 89%, 18 mg SS/l) was stable up to loading rates . 60 g FCOD/m 2p d. The average removal of tot-P was 90% (0.3 mg P/l) demonstrating that efficient phosphorus removal was also achieved even with the low metal dose used. The results demonstrated that secondary effluent standards can be achieved in a process with a high rate MBBR combined with an effective particle separation method.
Sludge production was measured by on-line measurement of suspended solids in the influent and effluent from the MBBR and calculated from suspended solids in 24 hour composite samples. The average ratio of observed sludge production in the MBBR to the obtainable reduction in filtered COD was 0.5 g SS/g BFCOD Figure 7(a) . The total suspended solids in the bioreactor effluent will be the sum of influent suspended solids and the sludge production in the bioreactor. The results do not show a linear trend with increasing obtainable removal rate because the ratio of SS to FCOD in the influent varied. In such a case, the total sludge production from the bioreactor part of the process (sludge load on the separation step) can not be calculated by a constant yield. The data demonstrate that even if a high rate bioreactor is used, the biological sludge production in the high rate process is not necessarily high compared to the total sludge production.
Considering the phosphorus removal, one would have expected values for specific sludge production in the chemical part of the process to be higher than 1. However, the amount of sludge created by precipitation of phosphate was to low to be detected as excess sludge production compared to the suspended solids removed from the MBBR effluent (average , 220 mg SS/l). The average specific sludge production was 1.0 g DS produced /g SS removed , demonstrating that the total sludge production in the process will be the influent SS plus the MBBR sludge production provided that a low dose of metal coagulant is used. The average dry solids concentration in the sludge was 25 g/l with minimum of 13 g/l and maximum of 38 g/l. Sludge samples were sent for dewatering tests conducted by Kemira. The results showed good dewaterability and indicated that about 40% dry solids content could be reached in dewatered sludge (Norrlöw, personal communication 2004) .
Illustrative example
To illustrate the space requirement of the process, a simplified case based on the Høvringen wastewater treatment plant (HØRA) in Trondheim, Norway was calculated and compared to secondary effluent standards (COD: 75% removal, 125 mg COD/l; BOD: 70% removal, 25 mg BOD/l). Compared to LARA, the wastewater at HØRA has less contribution from food industry effluents and is less concentrated with average values for COD and FCOD of 201 mg COD/l and 55 mg FCOD/l, respectively. Less data exist for BOD, but average influent concentrations are 115 mg BOD/l and 40 mg FBOD/l. With a less concentrated wastewater a higher effluent COD/BOD can be expected and value of 2 g COD/g BOD is used in this example. A HRT of 20 minutes would be sufficient to achieve a MBBR effluent FCOD concentration of 36 mg FCOD/l (average removal of BFCOD: 55%) at a temperature of 11 8C. Assuming 90% removal of influent particulate material, the effluent COD would be 50 mg COD/l (75% removal). With an effluent COD/BOD of 2, the effluent BOD would be 25 mg BOD/l (78% removal). Assuming for simplicity that the variation in the influent concentration is due to variations in the weather conditions, the bioreactor HRTs at highest and lowest FCOD concentrations (124 and 37 mg FCOD/l) would be 45 minutes and 13 minutes, respectively. Performing the calculations for these values showed that the percentage standards for both BOD and COD would be achieved except for conditions with very dilute wastewater, where the concentration standards would instead be achieved. The concentration standard for COD would in addition be achieved also at higher concentrations. With a bioreactor-HRT of 20 minutes at average flow, the process could probably be designed with a total HRT of 1 hour or less using a compact floc separation method.
Conclusions
The experiments demonstrated that the removal rate in the MBBR was influenced by the hydraulics and that this effectively limited the obtainable soluble COD removal rate. The results imply that a more plug flow bioreactor would be more suited in this high-rate process. The results demonstrated a net particle removal in some size fractions and confirmed that a high soluble COD loading rate would give a low degradation of particulate COD. Dosage of chemicals in front of the MBBR did not give any short term negative effects with respect to MBBR performance. However, with respect to the total process performance no clear advantage of chemical dosage before the MBBR was found in the laboratory scale or the pilot scale experiments.
The results demonstrate that secondary effluent standards can be achieved in a process with a high-rate MBBR combined with an effective particle separation method. A controlled chemical dosage based on wastewater quality, giving an iron dose of 4-13 mg Fe/l and a polymer dose of 0.6 -2 mg Pol/l with the wastewater used in this study was sufficient to achieve suspended solids concentrations below 35 mg SS/l in 24 hour composite samples. The secondary effluent standards were achieved for COD and BOD with respect to removal efficiency with FCOD and FBOD loading rates on the MBBR up to 20 -25 g FCOD/m 2 p d and 15 -20 g FBOD/m 2 p d, respectively. Efficient phosphorus removal was also achieved with the low metal dose used in these experiments. The design of the compact flocculator with a HRT of , 7minutes tested in the pilot plant could probably be improved. However, the results demonstrated that the flocculation step in the high-rate process can be very compact.
The total process consisting of a high-rate MBBR combined with a compact floc separation method can be designed very compact with a hydraulic retention time of 1 hour or less if used for secondary treatment of municipal wastewater with a normal quality.
